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TNTRODIJCTION 


The  search  for  highly  stable  and  highly  conductive  lithium  salts  for  use  in  both  primary 
and  rechargeable  lithium  batteries  has  been  a  major  objective  in  numerous  recent 
investigations.  For  safety  considerations  LiC104  is  no  longer  considered  for  commercial 
use,  and  to  avoid  possible  toxic  byproducts  of  LiAsFg  (e.g.,  see  ref  1),  industry  is  focusing 
upon  LiPF^  as  the  prime  candidate  for  use  in  a  commercial  rechargeable  system  utilizing 
liquid  electrolytes.  Our  experience  is  that  LiPF6  is  not  as  conductive  as  LiC104  or  LiAsF^, 
and,  as  shovm  below,  the  PF^'  anion  is  more  readily  oxidized  than  most  other  anions.  The 
stable  salt  lithium  triflate,  LiCF3S03,  also  suffers  from  low  conductivities  (2,  3),  and  in 
seeking  new  electrolytes,  an  important  advance  was  made  by  Armand  et  al.  (4)  with  the 
introduction  of  the  imide  salt  LiN(CF3S02)2  [lithium  bis(trifluoromethanesulfonyl)  imide], 
or  Lilm.  This  imide  salt  is  attractive  since  it  appears  to  be  quite  stable  at  high  anodic 
potentials,  and  the  conductivities  of  its  solutions  are  comparable  to  those  based  on  LiAsFg 
(e.g.  see  3,  5).  A  more  recent  development  involves  the  synthesis  of  a  new  lithium  salt 
based  on  a  new  organic  anion,  LiC(CF3S02)3  [lithium  tris(trifluoromethanesulfonyl) 
methide],  or  LiMe  (6),  and  the  basis  of  the  present  study  is  to  determine  the  solution 
properties  of  this  methide  salt  in  several  aprotic  solvents  and  in  water.  This  new  salt  also 
appears  to  have  superior  plasticizing  properties  when  used  as  the  electrolyte  in  gelled 
polymer  systems  based  on  polyacrylonitrile  and  poly(vinylidene)  difluoride  polymers  (7). 
It  should  also  be  noted  that  the  methide  salt,  LiMe,  is  highly  soluble  in  aprotic  solvents, 
and  its  electrolytic  conductances  are  comparable  with  Lilm  solutions.  For  example,  in  1.0 
mol  dm'3  THF  solutions,  electrolytic  conductances  of  6.0  T0‘^,  l.OTO‘2  and  1.2T0'2  S 
cm'J  were  determined,  respectively,  for  LiCF3S03,  LiN(CF3S02)2  and  LiC(CF3S02)3  (6). 

EXPERIMENTAL 

Solvents:  All  solvents  used  were  high  purity  commercial  products  dried  with  activated 
N°.  3  molecular  sieves  before  use.  PC  and  AN  were  Burdick  and  Jackson  “Distilled  in 
Glass”  grade  products,  DMF  was  “Analytical  Reagent  Grade”  from  Baker  Chemicals,  and 
MeN02  was  “puriss”  grade  from  Fluka.  Another  sample  of  acetonitrile  (UV  spectroscopic 
grade)  was  further  purified  by  refluxing  over  molecular  sieves  and  P2O5  and  then 
fractionally  distilled.  The  water  content  of  these  “dried”  solvents  as  determined  by 
coulombic  Karl  Fischer  titration  was  in  the  range  of  20  to  50  ppm.  For  the  aqueous 
experiments,  conductivity  water  was  used  and  was  prepared  by  passing  tap  water  through 
two  ion  exchange  columns  followed  by  distillation  in  an  all  quartz  still.  The  physical 
constants  and  electrolytic  conductivities  of  the  pure  solvents  are  given  in  Table  I. 

Salts:  The  preparation  of  LiC(CF3S02)3  is  fully  described  in  Ref  (6)  and  was  99.9+% 
pure  as  determined  by  l^F  NMR  spectroscopy.  The  salt  has  a  sharp  melting  point  of  272  - 
273°C,  is  very  hygroscopic  and  contained  46  ppm  water;  it  was  further  dried  in  vacuum  at 
100°C  before  use.  LiAsF6  (US  Agri  Chemicals,  Electrochemical  grade)  was  dried  in 
vacuum  at  60-70°C  and  not  treated  further. 
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Table  I.  Physical  properties  of  solvents  at  25°C 


Gutmann  Donor  Number  (29) 


For  anion  stability  comparison  tests  using  linear  sweep  voltammetry,  salts  based  on  the 
organic  cation  l,2-dimethyl-3-propylimidazolium  (Dmpi)  were  synthesized.  The  salts 
Dmpilm  (I)  and  DmpiMe  (II) 


were  prepared  and  purified  as  described  previously  (8).  The  arsenate,  phosphate  and  imide 
salts,  DmpiPFg,  DmpiAsFg  and  Dmpilm  were  prepared  as  described  in  (8)  using  as 
received  LiAsFg  (FMC),  LiPF^  (Hashimoto),  and  LiN(CF3S02)2  (3M  Company,  St.  Paul, 
MN). 

Conductivity  measurements:  Density  measurements  and  conductivity  measurements 
were  determined,  respectively,  with  a  Parr  DMS  model  45  digital  meter  and  a  Wayne  Ken- 
model  6425  Precision  Component  Analyzer  which  has  an  accuracy  of  ±  0.05  %.  Several 
measurements  were  canied  out  in  Kraus-type  conductivity  cells  in  an  oil  bath  thermostated 
to  ±  0.005  K,  and  others  in  Kraus-type  cells  in  a  water  bath  thermostated  to  better  than  ± 
0.02  K.  In  all  cases  except  one  run  in  AN  as  described  below,  conductivity  measurements 
were  begun  by  initially  placing  pure  solvent  in  the  Kraus  cell,  measuring  the  conductance, 
and  then  adding  small  aliquots  of  salt  stock  solutions  with  air-tight  plastic  syringes  which 
were  weighed  before  and  after  each  addition.  For  run  number  2  in  acetonitrile,  weighed 
amounts  of  salt  were  directly  added  to  the  solvent  in  the  cell  and  resistances  were 
determined  after  each  addition.  Conversion  of  molality  to  concentration  units  utilized 
solution  densities  calculated  from  the  relations 

d  =  dQ-\-  Am  and  c  =  fhd 

In  the  above  equations,  d  and  are,  respectively,  the  densities  of  the  electrolyte  solution 
and  pure  solvent  in  g  cm"^,  the  constant  A  being  evaluated  from  the  stock  solution 
concentration  data,  c  is  in  mol  dm"^,  and  m  and  in  are,  respectively,  in  units  of  mol  kg‘^  of 
solvent  and  mol  kg'^  of  solution. 
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Voltammetry  studies:  Linear  sweep  voltammetry  was  accomplished  via  a  PARC  273 
potentiostat/galvanostat  under  computer  control  in  a  Brinkmann  three-electrode  cell  (Model 
EA  875-1/6),  and  for  all  studies  a  sweep  rate  of  20  mV  sec*  was  used.  The  working 
electrode  was  a  0.07  cm^  Pt  disk  while  Li  foil  (Foote)  served  as  the  reference  and  counter 
electrodes.  To  assure  a  stable  reference  potential,  LiAsFg,  LiPF5,  Lilm  and  LiMe  were 
added  to  their  respective  Dmpi'''X'  ionic  liquids  to  form  a  0.020  mol  dm*^  solution.  We 
arbitrarily  selected  a  current  density  of  1  mA  cm‘2  to  define  the  “anodic  limit”  of  each  ionic 
liquid.  Because  DmpiPF5  and  DmpiAsF6  are  solids  at  room  temperature  (8),  for  direct 
comparisons  all  linear  sweep  voltammograms  were  conducted  at  80  ±  1°C. 

RESULTS  AND  CALCULATIONS 

Conductivity  studies:  Molar  conductivities,  A/S  cm^  moL*,  were  calculated  from  the 
electrolytic  conductances,  k,  after  correcting  for  the  conductance  of  the  pure  solvent,  k^, 
and  the  results  are  given  in  Table  II. 

Table  II.  Molar  conductivities  of  LiC(CF3 862)3  various  solvents  and  LiAsF6  in  DMF  at  25°C^ 


1  A 

lO^c 

A 

lO^c 

A 

lO^c 

A 

lO^c  I 

water 

acetonitrile  (run  1) 

acetonitrile  (run  2) 

dimethylformamide 

63.771 

1.4169 

135.53 

0.82718 

127.35 

3.9722 

52.479 

2.4957 

63.569 

1.6677 

133.02 

1.4603 

126.36 

4.7324 

51.646 

3.5557 

63.241 

1.9170 

130.70 

2.3499 

125.17 

5.6296 

50.303 

5.8560 

62.976 

2.2498 

128.15 

3.3941 

123.83 

6.5914 

49.754 

7.0556 

62.742 

2.6572 

126.29 

4.4786 

122.70 

7.6775 

49.004 

8.9400 

62.518 

3.0871 

124.30 

5.7313 

121.29 

9.1991 

48.199 

11.3631 

62.227 

3.6151 

122.79 

6.8925 

119.62 

11.1382 

47.565 

13.5819 

61.284 

5.6552 

121.61 

7.8866 

118.42 

12.7664 

46.906 

16.2260 

60.249 

9.1217 

A 

lO^c 

A 

lO^c 

A 

lO^c 

J 

nitromethane 

propylene  carbonate  LiAsF^  in  DMF 

77.381 

3.3188 

19.164 

1.6041 

67.177 

2.5354 

75.053 

4.4119 

18.981 

2.0520 

66.434 

3.2669 

71.707 

6.4296 

18.778 

2.7189 

64.565 

5.6670 

69.763 

7.7843 

18.613 

3.4288 

63.609 

7.3619 

67.794 

9.2378 

18.498 

4.0877 

62.599 

9.6182 

65.976 

10.7922 

18.493 

4.7240 

61.492 

12.3980 

64.237 

12.4059 

18.289 

5.4276 

60.749 

14.6914 

62.375 

14.1506 

18.186 

6.2050 

59.970 

17.5047 

59.739 

16.9656 

18.057 

7.1874 

59.248 

20.3707 

57.539 

19.7307 

17.937 

8.2698 

58.291 

24.3886 

17.783 

9.6825 

57.723 

27.2395 

17.405 

13.7599 

2  Units:  A/S  cm^  moT*  and  c/mol  dm'^ 
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These  data  were  fitted  to  the  Fuoss-Hsia  (FH)  equation  (9)  using  the  expansion  of 
Femandez-Prini  (FFI-FP)  (10)  which  has  the  form; 

A^ajA"’  -5V7  +  £/ln(/)  + ^2(^2)^^''“}  [1] 

In  eq.  [1],  a  is  the  degree  of  dissociation  defined  by  equations  [2]  and  [3],  1  is  the  ionic 
strength  (/=  ac),  and  all  other  terms  have  their  usual  significance.  For  the  ion  association 
process 


Li^+X"  o  LiX 

the  thermodynamic  equilibrium  constant  is  defined  in  the  usual  manner  by 


[2] 


[LiX]  _  l-g 
[Li+][X-]y|  ~a^cyl 


[3] 


The  mean  molar  activity  coefficients  in  eq.  [3]  were  calculated  from  the  Debye-Hiickel 
relation 


lny+ 


-aJI 

l+BRyjl 


[4] 


where  the  distance  parameter  Ry  is  fixed  at  the  Bjerrum  distance  q  (see  Table  I).  Eqs.  [1]  - 
[4]  were  solved  by  a  grid  search  method  (11,  12)  where  the  distance  parameter  Rj  is  fixed 
at  the  Bjerrum  distance,  and  R2  is  treated  as  a  variable  distance  parameter.  The  variables  A 
°,  and  i?7  were  initially  selected  arbitrarily  and  then  adjusted  in  small  increments  until  a 
minimum,  U^,  was  reached  in  the  function  for  n  data  points,  U  is  defined  by 


f2  =  X(Aobsd-Acalcdf  [5] 

1 

The  final  adjusted  parameters  for  LiC(CF3S02)3  in  water,  AN,  PC,  DMF  and  NM  and  for 
LiAsFg  in  DMF  are  given  in  Table  III. 

Included  in  Table  III  are  values  for  the  parameters  derived  by  neglect  of  the  Chen  effect 
(13),  and  by  inclusion  of  the  Chen  effect  where  E  =  Ej  -  IE2  which  accounts  for  spatial 
charge  density  in  large  organic  anions  with  localized  charges.  All  results  reported  in  Table 
III  were,  as  described  above,  derived  using  a  three-parameter  fit  to  the  Fuoss-Hsia  equation, 
i.e.,  A  =  A(A°,  Aig,  R-^.  In  most  instances,  the  adjusted  Rj  values  are  reasonably  close  to  the 
Bjerrum  distance  q  as  expected  (10,  16,  23)  with  the  exception  of  R^  for  LiC(CF3S02)3  in 
MeN02.  By  including  R^  as  a  variable  parameter,  it  is  not  unusual  to  find  a  strong 
correlation  between  and  R^  (16,  34,  35),  particularly  when  is  small  (36).  Attempts  to 
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Table  III.  Derived  parameters  at  25°C^ 


salt/solvent 

A° 

Ka 

R2 

Chen  effect 

LiMe  /  H2O 

66.47  (0.087) 
66.30  (0.073)e 

0.357d 

0.357d 

0.085 

0.073 

no 

yes 

LiMe  /  PC 

20.22  (0.024) 
20.20  (0.026)e 

1.24  (O.75) 

0.337 

0.431 

0.024 

0.025 

no 

yes 

LiMe  /  ANb 

144.94  (0.087) 
144.46  (0.086) 

5.99  (0.19) 

0.747 

0.791 

0.077 

0.074 

no 

yes 

LiMe  /  ANc 

144.70  (0.076) 
144.46  (0.037) 

5.05  (0.10) 

0.789 

0.875 

0.069 

0.032 

no 

yes 

LiMe  /  DMF 

58.61  (0.056) 
58.36(0.021) 

4.87  (0.10) 

0.696 

0.764 

0.050 

0.017 

no 

yes 

LiMe  /  MeN02'' 

91.74(0.075) 
91.79  (0.077) 

27.81  (0.20) 
34.15(0.21) 

0.911 

0.971 

0.051 

0.051 

no 

yes 

LiAsFe/DMF 

74.18(0.033) 

74.19(0.033) 

3.27  (0.09) 
8.90  (0.09) 

0.705 

0.724 

0.025 

0.024 

no 

yes 

a  Units:  A°  /  S  cm^  mol’l  ;  K^/ dm^  mol'*  ;  R2  /  nm.  Values  in  paretheses  are  standard 
deviations,  and  the  standard  error  in  molar  conductivities  calculated  from  =  {(/^/(n-l)} 
where  U  is  defined  in  eq.  [5]. 

Run  number  1 .  ^  Run  number  2.  R2  fixed  at  the  Bjemun  distance  q. 

^  Fuoss-Onsager  term  E  (see  eq.[l])  is  negative. 

use  a  two  parameter  fit  to  the  Fuoss-Hsia  equation,  i.e.,  A  =  A(A°,  K^,  by  fixing  R2  at  the 
Bjerrum  distance  q  invariably  resulted  in  significantly  larger  standard  deviations.  Two 
representative  examples  are  given  in  Figures  1  and  2. 

Fig.  1  is  a  plot  of  the  variance  U  (eq.  [5])  and  the  association  constant  as  a  fimction  of 
for  LiC(CF3S02)3  in  MeN02,  and  Fig.  2  is  a  similar  plot  for  LiAsF^  in  DMF.  In  the 
former  case,  setting  i?2  “  9  “  0.779  nm  results  in  t/=  0.8009  compared  to  U°  =  0.0234  for 
the  minimum  at  R2  =  0.91 1  nm.  For  the  latter  system,  it  is  found  that  IF  =  0.00636  at  R2  = 
0.705  nm  compared  Xo  U  =  0.6468  for  R2  —  q  =  0.763  nm.  While  the  values  of  are 
obviously  dependent  upon  R2,  the  dependency  is  not  sufficiently  large  to  change  any 
conclusions  (see  below)  based  on  use  of  the  three  parameter  fitting  method.  In  fact  for  the 
purpose  of  the  present  analyses,  it  is  not  necessary  that  a  two  parameter  fit  be  employed, 
and  since  /?2  ^ot  necessarily  equal  q  or  /?,  from  7,  of  eq.  [1]  (23,  34)  it  is  more  realistic 
to  use  those  parameters  derived  from  the  actual  statistical  best  fit  (e.g.,  see  36). 
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Figure  1.  Plot  of  the  variance  in  molar  conductivities  {U  from(eq.  [5])  and  as  a  function 
of  the  distance  parameter  Rj  for  LiC(CF3S02)3  in  MeN02.  Solid  lines  fitted  empirically  by 
a  cubic  spline,  and  the  solid  circle  represents  the  point  for  R2  ~ 
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Figure  2.  Plot  of  the  variance  in  molar  conductivities  {U  from(eq.  [5])  and  as  a  function 
of  the  distance  parameter  R^  for  LiAsF6  in  DMF.  Solid  lines  fitted  empirically  by  a  cubic 
spline,  and  the  solid  circle  represents  the  point  for  R^  =  q. 

Voltammetry  studies:  Figure  3  shows  an  overlay  of  linear  sweep  voltammograms 
obtained  in  each  of  the  four  ionic  liquids  obtained  at  a  Pt  working  electrode  at  80^C 
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Figure  3.  Linear  sweep  voltammograms  for  LiX  in  DmpiX  at  80°C. 

X  =  AsFg,  PFg,  N(S02CF3)2  and  C(S02CF3)3. 

From  the  rest  potential  at  2.7  V  no  anodic  current  is  observed  until  about  4.8  V  where 
DmpiPFg  begins  to  oxidize.  The  experimental  oxidation  potentials  obtained  from  these 
scans  are  reproducible  to  ±  20  mV,  and  the  “anodic  limits”  for  the  four 
dimethylpropylimidazolium-based  ionic  liquids  at  80°C  are  given  in  Table  IV. 


Table  IV.  Anodic  limits  of  DmpiX  ionic  liquids  on  Pt  at  80°C 


anion 

limit  (EW  Vi'  Li) 

PF6- 

5.00 

AsFg- 

5.10 

Imide' 

5.13 

methide' 

5.35 

We  believe  that  these  data,  free  of  the  influence  of  solvent,  reflect  the  intrinsic  oxidative 
stability  of  the  anion,  at  least  in  the  case  of  PF^',  AsF^'  and  Im*.  Were  the  Dmpi"^  cation 
more  readily  oxidizable  than  the  anions,  the  four  distinct  linear  sweep  voltammograms 
shown  in  Fig.  1  would  have  collapsed  to  a  single  voltammogram  at  a  potential  negative  of 
4.8  V.  Thus,  while  we  are  clearly  measuring  the  intrinsic  oxidation  potentials  of  PF^*, 
AsFg'  and  Im*,  we  do  not  unequivocally  know  whether  the  value  of  5.35  V  for  DmpiMe 
reflects  the  oxidation  of  Dmpi+  or  of  Me’.  The  instability  in  the  voltammogram  for  PF6' 
starting  at  about  5.2  V  in  Fig.  1  suggests  complex  reaction  including,  possibly,  gas 
evolution.  While  DmpiAsF6  and  Dmpilm  oxidize  at  the  same  potential  within 
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experimental  error,  DmpiMe  is  clearly  the  most  electrochemically  stable  ionic  liquid 
surpassing  the  limit  for  DmpiPFg  by  some  350  mV.  Such  high  anodic  stability  is  desirable 
for  electrolytes  employed  in  high  energy,  high  voltage  lithium  battery  systems. 

DISCUSSION  AND  ADDITION  AT.  CALCULATIONS 


There  are  basically  little  surprises  in  the  derived  parameters  given  in  Table  III.  Values  of 
the  molar  conductivities  at  infinite  dilution  (A°)  are,  for  the  most  part,  independent  on 
whether  the  Chen  effect  is  included  or  neglected,  similar  to  our  findings  for  the  alkali  metal 
perchlorates  in  PC  (28).  Ion  association  in  solvents  with  high  Donor  Numbers  (e.g., water, 
PC  and  DMF,  see  Table  1  and  Ref.  29)  appears  to  be  small  or  non-existent  depending  upon 
the  model  used  (i.e.,  inclusion  or  neglect  of  the  Chen  effect),  but  for  the  methide  salt  in 
MeNOj  is  quite  high  as  calculated  by  either  model.  While  AN,  DMF  and  MeN02  can  be 
considered  to  be  “iso-dielectric”  solvents,  differences  in  are  directly  related  to  the  ability 
of  the  solvent  to  solvate  cations  (30),  and  to  a  lesser  extent,  anions  as  discussed  below. 
Salts  of  a  given  anion  in  solvents  which  can  strongly  coordinate  small  cations  such  as 
water,  PC  and  DMF  are  expected  to  undergo  little  or  no  ion  association  whereas  solvents 
which  weakly  coordinate  these  cations  generally  exhibit  increased  association.  For 
example,  based  on  both  the  Gutmann  Donor  Number  (DN)  and  assuming  anion  solvation 
effects  are  negligible,  the  order  of  increasing  ion  association  would  simply  be  H2O  <  DMF 
<  PC  <  AN  <  MeN02  which,  for  the  most  part,  is  what  is  observed  when  comparing  the 
present  results  for  Lilm  with  other  salts  as  shown  in  Table  V. 

Table  V.  Comparison  of  present  and  literature  conductivity  parameters  at  25°C^ 


H2O _ PC  AN  DMF _ MeN02 


salt 

> 

0 

A° 

Ka 

A° 

Ka 

A° 

Ka 

A° 

Ka 

LiC104 

105.9b  — 

26.75e 

1.3 

173.26b 

16.47 

73.40) 

6.6 

110.60k 

182.2 

LiPF6 

26.lf 

2.1 

LiAsF^ 

95.07c  — 

22.53g 

— — 

170.06' 

9.1 

74.18 

3.3 

Lilm 

70.89d  — 

22.76^1 

— 

153.71<1 

4.7 

LiMe 

66.47  — 

20.22 

— 

144.7 

— 

58.61 

— 

91.74 

27.8 

3A°/S  cm2  mopl  and  /  dm^  mol'T  All  results  based  on  common  analysis  using  eq.  [1] 
(Chen  effect  not  included)  as  reported  in  the  following  references  and,  where  required, 
reanalyzed  by  the  present  authors.  ^14;  015^  gjg-  hjq-  ioriginal  data  from 

(20)  which  seems  preferable  to  the  earlier  data  from  (21);  ioriginal  data  from  (22) 
reanalyzed  in  (23);  ^30. 

For  those  systems  in  which  lithium  imide  salt  appears  to  undergo  small  ion  association,  e.g. 
in  AN  (5),  and  possibly  PC  (17),  but  see  the  opposing  opinion  in  (5),  no  evidence  for 
association  of  lithium  methide  has  been  reported.  We  believe  that  these  effects  are,  in  part, 
related  to  solvation  of  the  methide  anion,  and  additional  discussions  in  support  of  this 
conclusion  are  given  below. 
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One  of  the  features  leading  to  small  values  for  Lilm  probably  lies  in  significant 
charge  delocalization  of  the  imide  anion  as  discussed  by  Weber  (3),  but  the  situation  for 
LiMe  appears  to  be  slightly  different.  The  negative  charge  on  the  central  carbon  of  the 
methide  anion  appears  to  be  more  strongly  delocalized  due  to  the  combination  of  the  strong 
electronegative  groups  surrounding  the  central  carbon  (31).  The  CS3  skeleton  of  the  anion 
is  planar  and  the  orientation  of  the  CF3  groups  is  unsymmetrical,  two  groups  lying  above 
and  one  group  lying  below  the  CS3  plane,  and  the  increased  delocalization  facilitates 
polarization  by  either  large  polarizable  cations  and/or  by  neutral  and  highly  polarizable 
solvent  molecules:  i.e.,  the  anion  appears  to  act  as  a  “soft”  base  (in  the  Pearson  sense  (32)). 
For  example,  in  (31),  HC(S02CF3)3  is  reported  to  be  a  very  strong  acid  in  aqueous  solution, 
and  the  solubility  of  alkali  metal  salts  decreases  in  the  order  of  Ag  >  K  >  Rb  >  Cs  ,  and 
the  silver  salt  can  be  used  to  prepare  the  halogen  derivatives  X  C(S02CF3)2  where  X  =  Cl 
or  Br  (31). 

Table  VI  lists  single  ion  molar  conductivities  at  infinite  dilution  calculated  by  combining 
the  present  results  with  literature  data  as  indicated  in  the  footnotes  to  Table  VI. 

Table  VI.  Single  ion  molar  conductivities,  X°,  in  various  solvents  at  25°C^ 


ion 

H2O 

PC 

AN 

DMF 

Li+ 

38.7t> 

8.22c 

25.0e 

42.9 

CIO4- 

67.2b 

18.51C 

103.62d 

52.5 

67.7f 

PF6- 

59.2h 

17.9 

102.81 

1 

1 

1 

1 

1 

AsFg- 

56.4 

14.3 

100.1 

49.2 

Imide" 

32.2g 

14.5g 

83.72g 

methide" 

27.8 

12.0 

74.7 

33.6 

48.8 

^X°/S  cm2  mopJ  derived  from  A°  values  in  Tables  III  and  IV  and  literature  X°  values  as  indicated. 
>^24;  ^28;  ^22-23;  ^25;  i5;  ^based  on  data  for  KPF^  from  (26)  reanalyzed  using  eq.  [1]. 

Results  are  A°  =  132.70  and  =  1.78  which  were  combined  with  A.°(K+)  =  73.50  from  (24); 
'determined  by  present  authors  using  data  for  Me4NPF6  and  BU4NPF5  from  (27).  Results  for 
Me4NPF6  are  A°  =  196.92  and  =  1 1.8.  Results  for  BU4NPF6  are  A°  =  164.76  and  =  3.14, 
and  average  X°(PF5')  =  102.8  S  cm^  mol'F 


An  initial  inspection  of  the  data  in  this  table  appears  to  reveal  the  expected  behavior,  i.e., 
?i°(Li  )  is  generally  smaller  than  those  of  most  anions  due  to  the  high  solvation  of  Li  ,  and 
A.°(anion)  decreases  as  the  ionic  radius  increases.  However,  it  appears  that  an  anomaly 
exists  for  the  methide  anion  in  water  which  we  attribute  to  an  increase  in  solvation  of  this 
anion  (as  discussed  above)  leading  to  a  more  pronounced  decrease  in  its  mobility.  This 
interpretation  is  further  supported  by  considering  the  lithium  transference  number,  /°(Li  ) 
calculated  as  from  the  data  in  Tables  V  and  VI.  Values  for  /“(Li"")  are  given  in 

Table  VII. 
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Table  VII.  Cation  transport  numbers.  C°,  at  25°C 


HjO 

PC 

AN 

DMF 

MeN02 

LiClO^ 

0.365 

0.307 

0.403 

0.323 

0.388 

LiPF, 

0.395 

0.314 

0.405 

— 

— 

LiAsF^ 

0.407 

0.365 

0.414 

0.337 

— 

Lilm 

0.546 

0.361 

0.455 

— 

— 

LiMe 

0.582 

0.407 

0.484 

0.427 

0.468 

From  the  results  given  in  Table  VII,  it  is  seen  that  the  increase  in  C(Li^)  is  surprisingly 
large  for  the  methide  salt  compared  to  the  perchlorate.  In  water,  the  increase  in  /“(Li  ) 
observed  when  changing  the  anion  from  perchlorate  to  methide  is  almost  60%.  In  PC,  AN, 
DMF  and  MeN02  these  increases  are,  respectively,  33%,  20%,  32%  and  21%.  Note  that  in 
PC,  the  increase  in  t°(Li^)  in  changing  the  anion  from  perchlorate  to  imide  while  still  large 
(18%)  is  significantly  less  than  for  the  methide  (33%). 

CONCTTISTON 

Both  conductometric  and  voltammetric  data  explored  in  this  paper  show  that  lithium 
tris(trifluoromethanesulfonyl)  methide  in  the  aprotic  solvents  (AN,  PC,  DMF,  MeN02)  and 
in  water  has  better  solution  properties  (i.e.,  electrolytic  conductance  and  anion  stability) 
than  other  lithium  salts  (LiC104’  LiAsFg,  LiPF^,  LiCF3S03,  LiN(CF3S02)2)  commercially 
used  in  rechargeable  systems.  The  non-existent  or  negligible  ion  pair  formation  and  the 
increased  transference  number  [/ °  (LiMe)]  indicate  LiMe  as  a  most  suitable  electrolyte  for 
both  primary  and  rechargeable  lithium  batteries. 
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